Composites materials are well known for their low density, high strength and high resistance against corrosion and fatigue but so far only few constructions have been built with these materials. This article shows how composite materials might be an original and profitable solution for lightweight structures called gridshells. In this paper the principal characteristics of gridshells are recalled first and a demonstration that glass fibres reinforced polymers are suitable for these structures is shown. Then the concept is applied to a functional structure built to house people in a festival.First, the formfinding of the structure is explained, then the construction phase is developed, and finally some improvements are proposed.
Introduction:
In the last twenty years many applications of composite materials in the construction industry were made. The main field of application concerns the reinforcement of concrete beams with carbon fibre plates [1] or post tension cables. More recently, a footbridge with carbon fibre stay-cable was built in Laroin (France, 2002) . Another footbridge, all made of glass fibre composites, was built in Aberfeldy (Scotland, 1993) . Nevertheless applications using composite materials as structural elements remain uncommon in comparison with concrete, steel or even wood. Although the qualities of their mechanicals properties are obvious (low density, high strength and high resistance against corrosion and fatigue), their relatively low elastic modulus is a disadvantage against steel. Indeed most slender structures in structural engineering are designed according to their stiffness and rarely to their strength. Moreover, the elastic instabilities depend linearly on the Young modulus, so that again, having a low Young modulus is a real disadvantage when a designer tries to calculate structure based on conventional design structure. In order to take advantages of every characteristic of composite materials, new structural concepts have to be found.
The Architected Structures and Materials research unit of Navier laboratory is working on the development of innovative solutions for composite material in civil engineering. Four design principles guided the conception of the structures: é -Optimal use of the mechanical characteristics of the fibers; -Simple connection between components of the structure; -Optimal design according to its use; -Cheap material cost toward use of components already available in the industry.
Several structures were investigated such as an innovating footbridge [2] and experimental gridshells [3] [4] [12] . The purpose of this paper is to show the development of the last project of composite gridshell, built for the Solidays' festival in June 2011. This project was developed with the students of the Ecole des Ponts Paris tech. Two firms Viry and TESS supported financially and technically the project. They also insured the calculations and the students on site. Owens Corning, Topglass, Ferrari Textile and Esmery Caron provided a significant material support. In the document, a proper definition of gridshells and the specificity of their construction process are approached. It is then demonstrated how certain composite materials are suited for this type of construction. The numerical aspect of the project is then developed. Finally the steps of construction and the possible improvements for future projects are approached.
Gridshell, definition and process of construction
The name of gridshell commonly describes a structure with the shape and strength of a double-curvature shell, but made of a grid instead of a solid surface. These structures can cross large span with very few material. They can be made of any kind of material -steel, aluminum, wood or even cardboard tubes… The complexity of this geometry requires the development of many clever and expensive assemblies. In order to avoid these complex joints, a very specific erection process was developed using the ability of slender components to be bent [5] . Long continuous bars are assembled on the ground, pinned between them in order to confer to the grid a total lack of plane shear rigidity what allows large deformations. The grid is elastically deformed by bending until the desired form and then rigidified. Only few gridshells were built using this method, among which the most famous are: [8] . In addition, the Navier research unit has already built three gridshells in glass fibre, increasingly large [10] . The gridshell for the Solidays' festival is the biggest one.
Composite materials tailor made for gridshells: Flexibility for Stiffness.
Most of the gridshell structures have been made of wood because it is the only traditional building material that can be elastically bent without breaking. This flexibility generates curved shapes which generates structural stiffness. However looking at other industrial fields (sport and leisure, nautical...), it can be noticed that every time high strength and high deformability are required, composite materials is replacing wood (ship masts, skis, rackets).
To study accurately the question of the best material for gridshells, the authors adopted the method proposed by M. Ashby [9] [13] . In this method, indicators which characterize the constrains of the object to be designed are defined. In the case of gridshells, it is necessary to have a material with: -High elastic limit strain in order to be able to bend the element and obtain a curved shape (given by the ratio elastic limit stress over Young modulus); -High Young modulus to confer to the gridshell its final stiffness after bracing;
The Ashby method is represented on the figure 1. The indicators previously presented are represented by the lines respectively the red and the blue. The materials that are likely better than wood are positioned in the small white triangle on the upper right corner. The Glass Fibre Reinforced Polymers (GFRP) are in this area, as expected. GFRP form the most valuable alternative to wood. They have higher elastic limit strain (1.5 % at best for GFRP and 0.5 % for wood) so that larger curvature synonymous of, freedom of shape for architects and rigidity for structural engineers might be obtained. Their Young modulus also is higher (25-30 GPa against 10 GPa). Moreover, as composites are industrially produced, the reliability of their mechanical properties is much higher than that of natural materials like wood, and they are cheaper, especially if the pultrusion technique or pullwinding is used. To compare the pultruded and pullwound beams, several salvos of experiments have been investigated. In particular, the Young modulus and the elastic limit strain are important in order to characterize the tubes. The experiments made in the lab are based on three and four points' flexion test. The montage is presented on the figure 2. It was used to get the Young modulus of the beams, their elastic limit stress and also to run permanent flexion tests. The results show that the break of the pullwound tubes leads to a full ruin of the beam. On the other side, the pultruded beams break more softly and keep traction mechanical properties. That is why we decided to study pultruded beams only at the beginning. Nonetheless, the results show that the pullwound tubes have a better Young modulus as well as a better elastic limit stress. Permanent flexion tests have be run on pultruded tube. They show that the pultuded tubes can resist quite well to permanent flexion loads if the maximal flexion stress do not exceed 80 % of the elastic limit stress. The figure 3 illustrates the relaxation of such a tube: no break have been observed during the five days' experiment. 
Form-finding of gridshells
The method used for the forming of the grid used is "the compass method". This method consists in constructing a network of parallelograms on any surface. This method was described in IL10 Gitterschalen of Frei Otto 1974. Figure 4 shows different steps of the method on a plane surface. The task is to construct a grid using only a compass. The steps of this method are summarized as follow: Two arbitrary, curved axes that intersect are laid down. Then, a mesh width is selected and serves as the compass radius. The spacing of the grid is marked along each axis, starting from the point of intersection of the axes. Two neighbouring knots are defined. The fourth knot is the intersection of the two circles drawn around each of the neighbouring points with radii equal to the mesh width. Then, gradually, new points are determined in the same way. Finally, the net knots are connected rectilinearly. For other forms, the principle of the construction of the grid is exactly the same one as previously explained. This method is only based on geometrical parameters and has no structural meaning. It's only a "trick" to get an initial grid and boundary conditions couple that will be an accurate approximation of the initial shape. The equilibrium shape has to be computed according to the mechanical behaviour of the elements. This method was used for the design of the gridshell for the Solidays festival in June 2011. An implementation of the algorithm has been made at Navier laboratory, using Rhino NURBS modeller. Firstly a shape is proposed by the designer. Secondly, the surface is extended and two main axes for the construction of the grid are drawn. Thirdly, the mesh is automatically generated. The mesh is then trimmed to get the final form. This process is illustrated on the figure 5. The final shape is obtained by performing a non linear structural analysis of the structure with real mechanical properties. It is important to note that the final form is very close to the previous one. Once the final form is found classical structural analysis is done with the standard wind load and snow load.
Designing a grid shell is a difficult task. As a guideline, the designer has to check that:
o The curvature in each bar is not too high, o The entire surface is meshed o The mesh does not get too concentrated locally
Construction of prototypes
To demonstrate the feasibility of composite gridshells, three full scale prototypes of gridshell in composite material were built. The two first ones were built on the campus of the Université Paris-Est. The first prototype was a purely experimental structure which was tested under several loading conditions in order to investigate the true behaviour of gridshell structures and to compare it with the numerical models. Detailed results of these tests can be found in [4] . The behaviour of the prototype is very close to simulations performed with the numerical model, based on the dynamic relaxation algorithm presented in [11] . The second prototype was build to cover a wind tunnel. The sheeting was a PVC coated membrane. These two first gridshells are presented on the figure 6. This section will now focus on the third gridshell, built in order to house people at the Solidays' festival (June 24-26 2011 at the hippodrome Longchamp, Paris). This gridshell has got several improvements regarding the two previous ones. First, its size was larger. So large that most of the tubes of the structure was to be built from several tubes joined up together. Second, given the very short time of building, the canvas was manufactured according to the simulated numerical model of the gridshell and not to the real measured geometry. Third, the gridshell had to obtain an 'attestation' from administrative authorities to house up to 500 people. The shape is a half peanut obtained by elastic deformation of a flat grid under the upward loads of two cranes. The dimensions of the structure are: 7 m high, 26 m long and 15 m wide with an approximated covered area of 280 m2. It is constituted of pultruded unidirectional tubes from Topglass (polyester resin from DSM + Owens Corning glass fibres) with a Young modulus of 25 GPa and a limit stress of 400 MPa. The available length and diameter of the tubes were respectively 13.4 m and 41.7 mm. The stresses in the prototype are limited to approximately 30 % of the limit stress to avoid severe creep and damage effects like progressive rupture of the fibres. Even if, standards do not exist yet, recommendations can been found in the literature, for example in [12] .
Construction of the prototype
Once the form of the structure was defined, the coordinates of the extremities were picked up and precisely reported by geometers of Ecole Nationale des Sciences Géographiques (ENSG) on site where stakes were positioned into the ground with the help of hammer drills. Then, the grid was assembled flat on the ground: tubes had been cut to the right dimensions with hacksaws and connected to the others with standard swivel scaffolding elements. Then the grid was deformed and shifted by two cranes that hooked up the grid in several places around the two domes of the structure. The final form was almost reached when the extremities of the beams were fixed on the posts with other scaffoldings elements. The erection phase required only a few hours work for about ten people besides the cranes ( figure 7 ). The final structural step is the bracing. This step is essential, as before bracing, the grid still holds its shear degrees of freedom. To behave like a shell, the bracing will transform every quadrangle into triangles. The third direction of beam is installed as shown in figure 8 . Once the bracing is installed, the gridshell has its full mechanical properties. Its stiffness is about twenty times the stiffness of the grid without the bracing [10] . During the bracing step, the form did not undergo visible changes. In order to fix the canvas, a continuous beam was set up about 20 cm from the. The canvas was then positioned and stretched. This step was critical as polypropylene-PVC coated canvas was manufactured according to the numerical model and because it is almost not stretchable. The canvas was provided by the manufacturer FERRARI and manufactured by the company ESMERY-CARON. As the grid was accurately set up, the canvas fitted to the shape of the gridshell, no wrinkle was observed ( figure 9 ). An inside view of the structure is proposed on the left. Bird views before and during the festival are presented in the centre and on the right. 
Improvements for the future gridshells
In this section, improvements of three different technical aspects are proposed.
Continuous beam for border
On the continuous beams, several cracks were observed ( figure 10 left) . The continuous beam has a disadvantageous loads combination. Actually, besides being bent as the other beams it is also sheared by local transverse concentrated forces. That may explain these unexpected disorders. However, if these beams are also in composite material, it's only a practical choice. Nothing prevents to use more conventional and resilient material as steel or aluminium.
Length of the elements
For a structure as large as the Solidays' one, beams can't be continuous because of the limited size of trucks used for transportation. Therefore, most of the beams have to be linked on site.
The linking solution chosen did not behave in an expected way. Indeed, when the structure was set up into its final form by the cranes, a rotation of the scaffolding elements around the beams reduced the local curvature of the beams fostering a risk of damaging the canvas (figure 10 centre). However it must be noticed that from a structural behaviour point of view, the way bars are connected has little influence on shape or rigidity.
Connection and canvas
The scaffolding connectors of the bracing layer can damage the canvas. To prevent any damage the screws of the couplers were shortened but the nuts marked the canvas (figure 10 right). For a long term application this detail should be improved by designing a specific connector. All these aspects make the gridshell structures perfectible, but none of these aspects are unsolvable. Nevertheless, gridshell have many advantages as the shape of the structure can be very various at a reasonable cost (in our case the cost was around 150 euros/m 2 for the materials only).
Conclusions
This paper shows the design of a 500 m 2 gridshell in composite materials. A method for selection of materials shows that composite materials are well suited for the construction of such structures: flexibility for structural stiffness. The numerical design is then shown: from a geometry given by architects, a tool created under Rhino software makes possible the design of a grid. Then the construction steps are detailed and it is showed how simple and easy the erection step up can be done. Finally, technical improvements are proposed. No measurement was made during the construction and the errors have not been evaluated. As the canvas was setup without winkle, it shows that the errors were not too important. Luckily, the same structure will be reset up next year and an accurate evaluation of the error will be made. Finally, this project demonstrates the technical viability of gridshell in composite materials.
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